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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ Many biopharmaceutical projects require the production of recombinant proteins in 40 heterologous bacterial hosts. When the protein itself is the end product, the requirement for 41 rapid, bulk production in high yield drives the design of a successful process. At the other 42 extreme, high quality protein is often required as the starting point for NMR or X-ray 43 crystallographic structure determination, or for understanding the biology underlying a 44 process. Quality rather than quantity or production intensity now becomes the overriding 45 requirement. 46 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The ability to express almost any gene at a controllable level makes bacterial hosts and 47 plasmids attractive vehicles for generating the desired product. Despite the availability of a 48 plethora of expression systems, detailed knowledge of the genome sequences, molecular 49 biology, physiology and biochemistry of a range of production hosts, many proteins remain 50 difficult to produce at the scale or quality required. Frequently encountered problems include 51 the deposition of the target protein in insoluble inclusion bodies (Villaverde & Carrio, 2003) , 52 lysis of the production host due to the physiological stress induced by high-level synthesis of 53 mRNA and the heterologous protein (Gill et al., 2000) , and accumulation of multiple 54 fragments of the target protein due to proteolysis (Dürrschmid et al., 2008) . 55
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The primary cause of many of the problems is the accumulation of incorrectly folded 56 intermediate forms of the target protein. In bacteria like E. coli, this is a signal that induces 57 not only the general stress response, but also other overlapping responses (Hoffmann & 58 Rinas, 2004; Gasser et al., 2008) . If the correct folding of the target protein is the only 59 problem to be solved, over-expression of chaperones might be sufficient to achieve success, 60 for example, by pre-inducing the RNA polymerase RpoH regulon with a heat shock 61 (Hoffmann & Rinas, 2004) , or the co-expression of groEL, dnaK or other chaperone genes 62 (Nishihara et al., 1998; Chen et al., 2003 
E. coli strain and plasmids 78
The Escherichia coli strains BL21(DE3)* (Invitrogen) and its derivatives, C41 and C43 79 (Miroux & Walker, 1996) were used for recombinant protein expression work. E. coli strain 80 JM109 (Promega) was used to clone the cytochrome c 2 gene from Neisseria gonorrhoeae. 81
The over-expression of CheY::GFP fusion gene or the gonococcal gene encoding cytochrome 82 c 2 from Neisseria gonorrhoeae was induced from the IPTG-inducible T7 promoter of the 83 expression vectors pET20bhc-CheY::GFP and pET20bhc-c 2 , respectively, both of which are 84 derived from a slightly modified version of pET20b ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Bacteria were grown aerobically in 100 mL shake flasks with 20 mL working volume or in a 102 3.6 L fermenter (Infors) with a 2.8 L working volume of Luria-Bertani medium supplemented 103 with 2% (w/v) glucose and 100 µg mL -1 carbenicillin for plasmid maintenance. The shake 104 flasks were set up in duplicates or triplicates per culture condition. In fermentations, aeration 105 was maintained at 1 vvm and a stirring speed of 700 rpm. The pH was controlled at 6.3 by the 106 automated addition of 5% (v/v) HCl and 10% (v/v) NH 3 and 0.1% (v/v) silicone antifoam was 107 added in the medium to prevent foaming of the culture during the late stages of the 108 fermentation. The medium was inoculated with 2% (v/v) of seed culture grown aerobically at 109 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The optical density of the culture increased only slowly soon after IPTG addition, but 206 growth resumed after a lag of between 10 to 14 h for up to 24 h post-induction. Plating of 207 serial dilutions of samples taken 2 to 4 h post-induction revealed that only about 1% of the 208 bacteria were able to form colonies on non-selective agar, but high plating efficiency was 209 restored after 24 h (Fig. 1A) . In contrast to colonies from samples taken before induction that 210 were pale green due to leaky expression of the recombinant protein, colonies from samples 211 taken 24 h post-induction were white. This was readily shown to be due to overgrowth of the 212 population by plasmid-free bacteria (Fig. 1A) . Consistent with these results, SDS-PAGE 213 analysis revealed a rapid burst of CheY::GFP synthesis immediately post-induction ( Fig. 1B) , 214 but little increase after a further 2 to 4 h. Furthermore, about 80% of the CheY::GFP fusion 215 protein accumulated in inclusion bodies in the insoluble fraction ( Fig. 1B) , which was almost 216 non-fluorescent, indicating that GFP was incorrectly folded and therefore inactive. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 and avoided selection of plasmid-free bacteria (Fig. 1C; D) . Flow cytometry analysis showed 239 that fluorescence continued to increase for at least 25 h (Fig. 2B) , and much greater 240 homogeneity in the culture: around 98% of bacteria were in the GFP + population both before 241 induction and after 3 and 25 hours post-induction; the number of nonviable, PI + bacteria at 25 242 h was greatly reduced compared to the original protocol; and the GFPpopulation actually 243 decreased in size from 2% pre-induction to 0.7% after 25 h (Fig. 2B ). Analysis of samples 244 from the culture by SDS-PAGE revealed that about 90% of the CheY::GFP had accumulated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 soluble product from the standard protocol ( Fig. 1E ). Furthermore, the yield of recombinant 247 protein was four-fold higher from the improved protocol than from the standard protocol due 248 to the production of a higher yield of biomass (Table 1) . Finally it was demonstrated that 249 much higher yields of product could be generated following prolonged expression in fed-250 batch cultures (Table 1) . 251 252
Molecular basis for the increased accumulation of CheY::GFP 253
Aware of the stress on the bacterial host associated with the use of the BL21 / pET system, 254 Miroux and Walker (1996) isolated mutants that were resistant to stress and therefore 255 continued to accumulate recombinant protein far longer than their parent strain. Two of these 256 strains were called C41 and C43, and it was subsequently shown that the basis for the 257 improved performance was a down-mutation of the promoter of the T7 polymerase gene 258 (Wagner et al., 2008). To determine whether the low concentration of IPTG coupled with the 259 low expression temperature might simply limit production of the T7 RNA polymerase and 260 hence explain why the improved protocol was successful, Western blots of samples from both 261 the standard and improved protocols were probed with anti-T7 RNA polymerase antibody 262 ( Fig. 3) . In contrast to the strong bands of cross-reacting antigen from the standard protocol, 263 so little T7 polymerase was produced using the improved protocol that it was not visible. 264
We then compared yields of CheY::GFP from strain BL21* using the improved 265 protocol with those from strains C41 and C43 generated using the standard protocol (Fig. 4) . 266
The level of fluorescence (per unit volume) from the improved protocol was the same as that 267 from C41 and considerably higher than from C43 (not shown). The specific fluorescence (per 268 unit biomass) at the point of harvest was highest for BL21* using the improved protocol (Fig.  269 4A) and its cell density was only slightly lower than that for strain C41 (Fig. 4B) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 to determine whether the improved protocol for CheY::GFP production was sufficiently 275 generic to be exploited in the production of a secreted protein that requires extensive post-276 translational modification and assembly in the bacterial periplasm. A Neisseria gonorrhoeae 277 gene of unknown function predicted to encode a c-type cytochrome, which we have 278 designated cytochrome c 2 , was cloned into the expression plasmid, pET20bhc , and expressed 279 either using the standard protocol (induction with a high concentration of IPTG followed by a 280 decrease in growth temperature from 37°C to 25°C) or the same optimised conditions that 281 were used for CheY::GFP. Under both sets of conditions, two bands of recombinant protein 282 were detected by SDS-PAGE stained for total protein: the upper band was pre-apocytochrome 283 c located in the cytoplasm; the lower band stained positively for covalently attached heme, 284 confirming that it was mature cytochrome located in the periplasm. Using the standard 285 protocol, cytochrome rapidly accumulated for a short time, but then production stopped as the 286 culture was overgrown by plasmid deficient bacteria (not shown). Even with the standard 287 protocol, some mature cytochrome was produced, but more than 95% of the product was pre-288 apoprotein located in cytoplasmic inclusion bodies. In contrast, yields of mature cytochrome 289 c 2 from the improved protocol were so high that the resulting E. coli culture was slightly 290 orange, and the cytochrome with covalently bound heme accumulated in the soluble, 291 periplasmic fraction of the bacteria (Fig. 5 ). This demonstrated that the improved protocol had 292 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w overcome these problems. Consequently the Holy Grail of recombinant protein production, 320 the availability of generic protocols and hosts for the production of even the most difficult 321 target product, has yet to be achieved: recombinant protein production remains as much an art 322 as a science. 323
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